Background: We previously reported that GTA-446 may be a useful biomarker for early detection of colorectal cancer. In the present study, we confirmed the clinical feasibility of GTA-446 as a screening tool for colorectal cancer with a novel measurement system developed for clinical use. We also improved sensitivity by analysing GTA-446 levels according to gender.
Colorectal cancer (CRC) is one of the most prevalent cancers worldwide; with B1.2 million new cases and 600 000 deaths annually it is the third most common cancer and the fourth most common cause of death by cancer (Brenner et al, 2014; Abbasi et al, 2015; Torre et al, 2015) . Early-stage detection by effective and easily implemented screening would likely reduce the number of deaths associated with CRC. A simple and non-invasive test with high sensitivity to CRC, even in the early stages, would increase screening adherence rates and improve treatment outcomes.
In 2010, we reported the results of an international joint metabolome research study that identified a potential predictive marker for CRC (Ritchie et al, 2010a) . The report described a family of novel circulating long-chain (28-carbon) hydroxy fatty acid metabolites referred to as hydroxylated polyunsaturated ultralong-chain fatty acids (hPULC-FAs) or gastrointestinal tract acids (GTAs). Serum levels of some of these metabolites were lower in CRC patients than disease-free controls. We focused on GTA-446 (C 28 H 46 O 4 , molecular weight 446 kDa) as the most promising. As GTA-446 levels were lower in the serum of CRC patients compared to the healthy controls, and the levels remained consistent before and after surgical removal of tumours, GTA-446 is considered to be a novel and distinct detection marker that reflects susceptibility to CRC but is not influenced by the presence of the disease (Ritchie et al, 2010a, b) . Previously, GTA-446 levels were measured by liquid chromatography-tandem mass spectrometry (LS-MS/MS) in a research setting. However, the preparation and measurements involved in this method are not suitable for a high volume setting. To adapt the method to clinical settings, flow injection analysismass spectrometry (FIA-MS/MS), which has the advantage of high throughput, was developed and is already available in clinical practice (Ritchie et al, 2013) .
Recent studies have shown that CRC can be classified into subtypes (Schlicker et al, 2012; Budinska et al, 2013; De Sousa et al, 2013; Marisa et al, 2013; Sadanandam et al, 2013; Roepman et al, 2014; Guinney et al, 2015) . In 2015, the subtypes were described by international consensus and named 'consensus molecular subtypes' (CMSs) (Guinney et al, 2015) . In these studies, the proportion of males and females carrying the CRC CMSs varied, indicating gender differences in CRC development. Furthermore, not only genetic and epigenetic, but also hormonal and socio-cultural differences may affect CRC carcinogenesis (Kim et al, 2015) . Therefore, we aimed to investigate the clinical feasibility of the GTA-446 test as a novel CRC screening tool with a highthroughput method by analysing serum levels according to gender.
MATERIALS AND METHODS
Study design. Samples were collected from an observational cohort comprising 225 CRC patients (136 men, 89 women) who underwent colorectal surgery from April 2012 to September 2014 at Osaka University Hospital. Samples were screened for patients who had been histologically diagnosed with CRC at admission and discharge (pre-surgery and post-surgery). The distribution of tumour location was as follows: caecum, n ¼ 22 (9.8%); ascending colon, n ¼ 34 (15.1%); transverse colon, n ¼ 14 (6.2%); descending colon, n ¼ 14 (6.2%), sigmoid colon, n ¼ 60 (26.7%); and rectum, n ¼ 81 (36.0%). The distribution of disease stage was as follows: stage 0, n ¼ 21 (9.3%); stage I, n ¼ 70 (31.1%); stage II, n ¼ 49 (21.8%); stage III, n ¼ 71 (31.6%); stage IV, n ¼ 13 (5.8%); and stage not available, n ¼ 1 (0.4%). This study was approved by the Medical Ethics Board of Osaka University Hospital (ethics board number 213). All subjects provided written informed consent prior to participation.
As a control group, samples from 916 healthy volunteers (567 men, 349 women) matched to the CRC group were obtained from BML. (Tokyo, Japan). These volunteers provided written informed consent, and the samples were collected by BML in accordance with an ethically approved clinical trial protocol. 'Healthy' was defined as no treatment for cancer and no history of cancer as confirmed by a medical interview.
All blood samples were extracted under fasting conditions. Serum samples were prepared in vacutainer blood collection tubes with serum separator by allowing the blood sample to clot and then centrifuging. All samples were stored at À 80 1C until analysis.
Mass spectrometry. Serum samples were shipped frozen to Phenomenome Laboratory Services. (Saskatoon, Canada) for analysis. Briefly, serum was extracted by liquid-liquid extraction, and analysed by measuring the standard curve of GTA-446 levels and quality control samples using FIA-MS/MS. GTA-446 concentrations were quantitatively extrapolated from the GTA-446 standard curve.
Statistical analysis. All data were expressed as the mean ± s.d. Statistical differences between groups were analysed by the Student's t-test for continuous variables and w 2 test for others. Area under the curve (AUC) was calculated by receiver operating characteristic (ROC) analysis, and the cut-off value was set as the value that gives the point closest to (0, 1) on the ROC curve. All statistical analyses were performed using JMP version 11.0.0 (SAS Institute, Cary, NC, USA). Po0.05 was considered significant.
RESULTS

GTA-446 distribution in CRC patients and healthy volunteers.
The distributions of GTA-446 levels in CRC patients and healthy volunteers as determined by mass spectrometry are shown in Figure 1A . The mean GTA-446 level in the CRC group was 1.52 mmol l À 1 , which was significantly lower than that of the control group (3.44 mmol l À 1 , Po0.0001). Differences in GTA-446 levels by gender are shown in Figure 1B . Significant differences were found between the control and CRC groups in both males (3.96 vs 1.59 mmol l À 1 , respectively, Po0.0001) and females (2.61 vs 1.35 mmol l À 1 , respectively, Po0.0001). In the control group, the distribution of GTA-446 levels was shifted to the left in females compared to males. Accordingly, GTA-446 levels in the control group were higher in males (3.96 mmol l À 1 ) than females (2.61 mmol l À 1 , Po0.0001, Figure 1C ). This tendency of females to have lower levels of GTA-446 was also evident in the CRC group (males, 1.59 mmol l À 1 vs females, 1.35 mmol l À 1 ; Po0.04, Figure 1D ). Taken together, these data indicate that GTA-446 expression was downregulated in the CRC group compared with the healthy control group, regardless of gender, and GTA-446 levels were lower in females than in males.
Effect of tumour burden on GTA-446 levels. We previously reported that serum concentrations of GTA-446 are not influenced by surgical removal of CRC tumours. To validate this finding and determine whether gender has an effect, GTA-446 levels were measured in CRC patients before and after surgery. The analysis excluded patients who underwent perioperative chemotherapy or chemoradiotherapy (n ¼ 16) or surgery as an additional treatment after endoscopic resection (n ¼ 16). Consequently, 193 perioperative subjects were analysed. GTA-446 levels were not significantly different before and after surgery in either males (1.62 vs 1.34 mmol l À 1 , respectively, P ¼ 0.0731; Figure 2A ) or females (1.36 vs 1.13 mmol l À 1 , respectively, P ¼ 0.0836; Figure 2B ). These results suggest that GTA-446 levels reflect the susceptibility to CRC rather than the tumour burden. To confirm this finding, preoperative GTA-446 levels were compared according to the disease stage. No significant difference was found between patients with stage 0-II (localised) disease and those with stage III-IV (regional or metastatic) disease ( Figure 2C ).
Cut-off analysis according to gender. To investigate whether GTA-446 levels can be used to predict an individual's risk of CRC and classify them into high-or low-risk groups, cut-off analyses were performed based on gender. For males, the AUC was 0.93 and the cut-off value 2.72 mmol l À 1 ( Figure 3A) . The sensitivity and specificity were 90.4% and 84.8%, respectively. For females, the AUC was 0.89 and the cut-off value 1.87 mmol l À 1 ( Figure 3A) . The sensitivity and specificity were 85.2% and 80.5%, respectively. Finally, to account for the risk of CRC by combining the two independent factors GTA-446 level and gender, we performed multiple logistic regression analysis with GTA-446 level and gender as variables. The AUC was 0.91 ( Figure 3B ), and the sensitivity and specificity 83.3% and 84.8%, respectively.
DISCUSSION
The faecal occult blood test (FOBT) is a widely used method of screening for CRC on the basis of previous evidence that a regular FOBT can reduce the incidence of cancer deaths (Mandel et al, 1993; Hardcastle et al, 1996; Kronborg et al, 1996; Tokunaga et al, 2017) ; it has a sensitivity and specificity of 37.1-79.4% and 86.7-97.7%, respectively (Allison et al, 1996) . Owing to the low sensitivity of the FOBT, novel screening tests are now being investigated internationally (Ahlquist et al, 2000; Srivastava et al, 2001; Kim et al, 2003; Imperiale et al, 2004 Imperiale et al, , 2014 Muller et al, 2004; Song et al, 2004; Solmi et al, 2006; Ma et al, 2009; Ahlquist et al, 2012; Toth et al, 2012; Yoshioka et al, 2014; Toiyama et al, 2016) . The National Polyp Study revealed that colonoscopic polypectomy is associated with a 53% reduction in mortality from CRC, which definitively supports the widespread use of regular screening colonoscopy (Zauber et al, 2012) . However, CRC deaths still occur with a fixed probability even if surveillance colonoscopy is performed (Zauber et al, 2012) . Thus, more sophisticated screening is required for efficient colonoscopy. In particular, the detection of advanced polyps in the early phase of CRC is essential and should be verified by a large-scale prospective study with a high-sensitivity marker.
In 2014, the United States Food and Drug Administration approved two experimental tests for CRC detection: Epi proColon (Epigenomics, Berlin, Germany) and Cologuard (Exact Sciences, Madison, WI, USA). The former is a blood test that detects methylation of SEPT9. Kinga et al reported that the sensitivity and specificity of Epi proColon for CRC are 95.6% and 84.8%, respectively (Toth et al, 2012) . On the other hand, Cologuard is a stool multitarget DNA test that detects KRAS mutations, aberrant NDRG4 and BMP3 methylation, and b-actin. Imperiale et al (2014) compared the sensitivity of FOBT to Cologuard as a stool biomarker for CRC. They found that the sensitivity of Cologuard for CRC (92.3%) was superior to that of FOBT (73.8%) . Although the sensitivity of these tests is high, both methods are based on detecting tiny changes in cancer tissue. As both techniques depend on tumour burden, whether they can reliably identify small tumours or early disease is unclear. Given the results of the National Polyp Study (Zauber et al, 2012) , a different screening method with higher prediction or earlier detection of CRC is desired.
Most of the biological markers included in previous studies depend on the presence of cancer; in these tests, a 'positive' result would be the detection of blood in FOBT, the upregulation of serum tumour markers (e.g., CEA and CA19-9) in blood testing, or the presence of changes indicating cancer in stool-based DNA testing. In contrast, consistent with previous studies on GTA-446 (Ritchie et al, 2010a, b) , our study demonstrated that GTA-446 levels are downregulated in CRC patients compared with the healthy controls, and that no correlation exists between serum GTA-446 levels and disease stage or tumour burden. Considering these findings together, GTA-446 does not reflect the presence of a tumour, but susceptibility to CRC, and leads to identifying highrisk CRC patients with high sensitivity. This is a completely different concept from that of conventional tumour markers. In other words, downregulation of GTA-446 may indicate an imbalance in homoeostasis that could lead to the development of CRC. This is supported by the finding that patients who have been diagnosed with CRC at least once have a higher incidence of secondary CRC (Green et al, 2002; Winawer et al, 2003) . Because GTA-446 can specify high-risk patients accurately using blood samples, it has high clinical importance for encouraging colonoscopy. Ritchie et al (2013) reported that the CRC incidence rate in patients undergoing colonoscopy with low GTA-446 levels was more than six times higher than that with high GTA-446 levels in a prospective setting. Therefore, GTA-446 could provide information about an individual's risk of CRC, even from a young period, and be the evidence needed to recommend colonoscopy for those at high-risk based on GTA-446 levels. Ritchie et al (2011) also revealed the function of GTA-446 in apoptotic and antiinflammatory activity through regulation of the NF-kb pathway. Thus, we propose that exogenous upregulation of GTA-446 can be exploited to prevent the development of CRC in susceptible individuals in the future. In addition, as screening programs for early detection generally target healthy people, FIA-MS/MS should be suitable for routine clinical use in this population because it is high throughput and requires only a blood sample. We think that the method would drive GTA-446 to be an effective tool for primary cancer screening.
In the current study, gender differences were observed in the distribution of GTA-446. In recent years, the biological differences in CRC according to gender have gained attention. CEA and CA19-9, well-known tumour markers of CRC, are known to be affected by gender. Previous studies reported that a higher proportion of women than men are diagnosed with right-sided colon cancer, which tends to be more malignant with high microsatellite instability and worse prognosis (Benedix et al, 2010; Missiaglia et al, 2014) . In addition, the difference in hormonal status or expression of hormone receptor according to gender has been focused on in the development of CRC (Murphy et al, 2011; Majek et al, 2013) . On the basis of these studies, it is conceivable that various factors such as those mentioned above are intricately involved, leading to the gender difference in the field of metabolomics. Aging and dietary habits could also be other possible factors influencing metabolism, as investigated in our previous reports. We revealed that GTA-446 levels decrease slightly with age in healthy people, whereas GTA-446 is downregulated at any age in CRC patients compared with the older healthy people (Ritchie et al, 2010b) . We also reported that the intra-individual GTA-446 levels are relatively stable and resistant to acute lifestyle factors, such as dietary habits (Ritchie et al, 2010b) . One limitation of this study is that sporadic CRC generally follows an adenoma-carcinoma sequence, whereas colitic cancer follows a dysplasia-carcinoma sequence (Walther et al, 2009; Matkowskyj et al, 2013; West et al, 2015) . The CRC group was composed of patients with either sporadic or colitic cancer, and we did not analyse the two cancer forms independently. To determine whether GTA-446 is a predictive marker for both types of cancer, patients with inflammatory bowel disease may have to be distinguished from other types of patients. In addition, patients with genetic cancer were not included in this study. It is possible that genetic CRC exhibits different GTA-446 trends, and further investigation of this issue should be clarified in the next step. Furthermore, the control group reflected a normal healthy cohort, but we did not definitively prove that they had no CRC or precancerous lesions by total colonoscopy. Therefore, there may have been CRC patients among the healthy cohort, and selection bias may have been involved. A large-scale prospective cohort study designed to eliminate sources of bias and to confirm that GTA-446 levels can be used as a primary screening tool in healthy people is required.
In conclusion, we demonstrated the clinical feasibility of GTA-446 in CRC screening. This predictive marker has high sensitivity when cut-off values are set according to gender. GTA-446 is a promising tool for primary CRC screening with the goal of early detection to identify populations at higher risk of CRC and requiring detailed examination.
